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The Importance of Spatial 
Reasoning in Early Childhood 
Mathematics
Kelli Rich and Jonathan L. Brendefur
Abstract
It is important to recognize the critical role spatial reasoning, relational think-
ing, and mathematical modeling play in the overall development of students’ 
central understanding of mathematics. Spatial reasoning predicts students’ later 
success in higher levels of mathematics, such as proportional thinking and algebraic 
reasoning. The National Research Council report implores educators to recognize 
the importance of developing spatial reasoning skills with students across all 
areas of mathematics. This chapter describes a study that used the Primary Math 
Assessment—Screener and Diagnostic to assess students’ spatial reasoning and 
relational thinking. The results highlighted curricular resources to improve stu-
dents’ understanding of mathematics. Students’ mathematical spatial reasoning 
improved significantly.
Keywords: spatial reasoning, relational thinking, early childhood, mathematics, 
achievement, DMTI
1. Introduction
It is important for educators to recognize the critical role spatial reasoning along 
with mathematical modeling plays in the overall development of mathematical 
skills and understanding. It is a fundamental bridge to algebraic thinking and con-
ceptual understanding. The National Research Council report [1] urges educators to 
recognize the importance of developing these skills with students across all areas of 
mathematics.
Bruner’s [2] modes of representation describe the process of enriching students’ 
understanding by working through enactive, iconic, and symbolic (EIS) models. 
The enactive (physical) and iconic (visual) models are critical to help students 
develop connections to a task and allows for better recall of mathematical ideas. It 
is critical for teachers to expose students to different methods of modeling relation-
ships with multiple representations. Students will have a better opportunity to 
generalize and build on existing foundational knowledge of equivalence throughout 
their mathematical careers.
Many students have difficulty in understanding concepts without being able to 
first observe a pictorial image of an idea in their mind [3]. Mathematics curricula 
loaded with symbolic representation require students to memorize procedures, 
denying the student an opportunity to utilize their visual thinking modality in the 
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process of building conceptual understanding. On the other hand, curricula that 
embed more iconic models may allow for students to deepen their understanding of 
the mathematics and improve their skill levels [4]. Thus, we wanted to investigate 
whether there was a significant difference in first grade students’ performance in 
spatial reasoning after being introduced to mathematics that included a plethora of 
iconic modeling.
2. Spatial reasoning
Spatial reasoning is strongly correlated with achievement in mathematics [5–7]. 
Students who perform better on spatial tasks also perform better on tests of math-
ematical ability [8–10]. Spatial reasoning involves (a) composing and decomposing 
shapes and figures, (b) visualization, or the ability to mentally manipulate, rotate, 
twist, or invert pictures or objects, (c) spatial orientation, or the ability to recognize 
an object even when the object’s orientation changes, and (d) spatial relations, or 
the ability to recognize spatial patterns, to understand spatial hierarchies, and to 
imagine maps from verbal descriptions [10, 11]. Recent evidence indicates that 
spatial reasoning training can have transfer effects on mathematics achievement, 
particularly on missing term problems (e.g., 7 + __ = 15), which are important in 
developing algebraic understanding [8].
In addition, spatial reasoning skills and mathematical competency are 
directly related to each other [12–15]. Learning with specific spatial reasoning 
tasks improves students’ abilities in the Science, Technology, Engineering, and 
Mathematics (STEM) fields [16, 17]. And there is a strong link between spatial 
reasoning ability and geometry where strong visuospatial skills predict how well 
students will complete 3D geometry tasks [18–20]. As educators become more 
aware of the need for spatial reasoning tasks, it is important to recognize the critical 
role mathematical modeling plays in the overall development of mathematical 
thinking.
The National Research Council report [1] urges educators to recognize the 
importance of developing spatial reasoning skills with students across all areas of 
mathematics. And the National Council of Teachers of Mathematics [21] suggests 
more spatial reasoning be integrated into the elementary mathematics curriculum 
to promote relational thinking skills. Mathematical modeling may be a key compo-
nent to help students explain their thinking when representing algebraic concepts.
Mix and Cheng [22] found that students with strong spatial reasoning skills 
do well in mathematics [23]. Spatial reasoning is a critical element for developing 
ways students think about equations. Given the opportunity, students’ spatial 
reasoning skills can increase when practice is integrated and supported throughout 
mathematics instruction [24]. By the time students reach kindergarten, their spatial 
reasoning skills predict their overall mathematical success [25]. Therefore, students’ 
educational experience in elementary school should have an intentional focus on 
improving spatial reasoning skills.
The focus of the next section is to highlight the connection between spatial 
reasoning and spatial orientation on a number line, gesture, visualization, and 
mental rotation. For instance, a crucial component to understanding ordinality (the 
position of a number in relation to its location on a number line) and magnitude 
(the size of a number) is the development of a spatial representation of numbers in 
connection to the symbolic representations [26]. The number line has been shown 
in cognitive studies to be important for the development of numerical knowledge 
[27–29]. Ramani and Siegler [30] report that students who play board games such 
as Chutes and Ladders increase rote counting skills, number identification, and the 
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conceptual understanding of numerical magnitude. Additionally, activities which 
include puzzles, video games, and blocks with significant connections to spatial 
reasoning skills and mathematical competency improve accuracy of symbolically 
representing a number line [31].
Problem-solving tasks regarding orientation, transformations, and move-
ment of shapes create an opportunity among students and the teacher to engage 
in rich, mathematical discourse. As students discuss their thinking, they will use 
their hands to gesture while attempting to convey their thoughts surrounding the 
task. Gesturing allows students to explain the visual imagery taking place inside 
their head as they work on problem-solving specific tasks [32]. Students’ gestures 
represent the movement of the transformation and create an avenue for their think-
ing to emerge through the discussion. Alibali and Nathan [33] found gestures to 
be an excellent tool for teaching students how to solve spatial transformation tasks 
by placing an emphasis on the importance of moving the pieces without the actual 
physical movement. In essence, they used their hands to gesture what their mind 
was creating and conveying mathematical thinking.
The ability to gesture what the mind is thinking is dependent upon students’ 
ability to visualize mathematical transformations [34]. The ability to think 
relationally requires students to visualize how numbers can be manipulated and 
rearranged in an equation [35]. Therefore, visualization is a key component across 
mathematical topics [34]. Spatial visualization tasks require students to create an 
image in their mind, hold the image, and then mentally transform or manipulate 
that image to be different. Some examples of these types of tasks include composing 
and decomposing pattern blocks to determine a new composed image, imagining 
transformations and perspectives of a three-dimensional cube, or activities that 
involve mentally folding a two-dimensional shape to form a new three-dimensional 
shape. In addition to spatial visualization, mental rotation has also been shown to 
increase student performance in mathematics [8].
Students who are allotted time to practice mental rotation have demonstrated 
the ability to solve a series of multi-step word problems [36]. Mental rotation 
consists of the ability to look at an object or picture of an object and visualize what 
it might look like when rotated in 2D or 3D space. The most recent study of spatial 
training with mental rotation was conducted with young students developing 
number sense, counting sequence, fact fluency, and missing term problems [8, 22]. 
Although the other areas showed improvement with the spatial training, missing 
term problems such as 2 + __ = 6 indicated the most significant effect size. Much 
like the relational skills needed to find the most efficient way to solve missing term 
problems, the completion of mental rotation tasks during spatial training helped to 
strengthen students’ ability to visualize the necessary transformations of numbers 
within equations for simpler computation [8].
It is important to note that mental rotation and spatial visualization are 
both subsets to spatial reasoning and much of their characteristics overlap [34]. 
Developing both skills is a powerful way to connect back to the bigger idea of con-
ceptual understanding for relational thinking, spatial reasoning, and equivalence 
[37, 38].
3. Relational thinking
In addition to spatial reasoning, relational thinking or early algebraic rea-
soning is critical for long-term success in mathematics. Students need time to 
develop relational thinking, with practice designed to explicitly examine the way 
in which numbers relate, and ways that those relations can generalize to other 
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areas of mathematics [39–42]. One way to improve conceptual understanding is 
to increase the exposure of problem-solving tasks involving nontraditional equa-
tions. It has been shown that students as young as kindergarten and first grade 
have informal knowledge of number relations; however, the mathematics pre-
sented in traditional textbooks do not explicitly draw out these relations, allow 
time for the relations to organically emerge, or instruct students to determine 
how the ideas can be generalized (Blanton and Kaput [40]). Consequently, there 
is a need for mathematics instruction to incorporate more than just the traditional 
format of equations into daily lessons and include ways to represent relational 
equivalence [43, 44].
One aspect of relational thinking is equal sign. Most elementary students 
begin to develop their awareness of the equal sign’s functionality at an operational 
level, where the equal sign acts as a symbol to perform a calculation or action [42]. 
When the bulk of instruction is focused on procedures and computing facts, many 
elementary students develop a shallow understanding of the equal sign and con-
sider it an operational symbol [45, 46]. For instance, students with an operational 
view of the equal sign will reject any equations presented outside of the traditional 
format, a + b = c, and will define the purpose of the equal sign as a cue to perform 
the calculations on the left side of the equal sign to get an answer [47]. However, 
given more exposure to a variety of equations, students can become more flex-
ible with their thinking and progress to different levels of understanding [40]. 
Mathematics instruction for early elementary classrooms should foster relational 
thinking by including tasks designed to draw attention to how numbers relate to 
one another and develop the flexibility to think of numbers in a variety of ways to 
establish the idea of equivalence [8, 48].
Matthews et al. [49] developed a construct map based on the research of 
Carpenter [47] and Hunter [50] to explain the continuum of relational thinking for 
students’ thinking. The first level of student understanding is called rigid opera-
tional. Students at this level are calculating traditional or missing term equations. 
Traditional equations, written a + b = c, place the equal sign as a function for 
solving the addition problem a + b to produce an answer. This traditional format 
instills an operational view of the equal sign [51]. With exposure to nontraditional 
equations, such as a = b + c, students become more flexible in their determination 
of a correctly written equation. However, their view of the equal sign still remains 
as a cue for calculation. As students move into the basic relational stage, their 
flexibility to solve equations written with operations on both sides of the equals 
sign increases. However, it is not until the final stage, comparative relational when 
students consider the number relations on each side of the equal sign to determine 
equivalency and their need to calculate diminishes. This level of relational thinking 
demonstrates students’ knowledge about how the equal sign relates to the entire 
equation, where they are looking for relatable numbers in the equation prior to 
solving the problem [52]. Identifying these relationships in equations and their con-
nections with the numbers is a critical component of mathematical understanding. 
Developing and applying the knowledge of relational thinking to solve mathemati-
cal equivalence problems will increase early algebraic understanding [41, 44, 46, 53]. 
Students who think at the comparative relational level have a strong understanding 
of the equal sign and a deeper connection to algebraic reasoning [47, 50].
The natural tendency for students as young as kindergarten is to demonstrate 
an operational view of the equal sign; however, they do have the capabilities to 
think relationally if given the opportunity [45]. Therefore, relational thinking skills 
should be explicitly taught at an early age to avoid a deep-rooted set of operational 
skills [54]. Relational thinking involves flexible thinking to determine how num-
bers can be manipulated before answering a problem. Using relational thinking to 
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solve an algebraic equation requires the conceptual understanding that each time a 
number is manipulated the equation remains equivalent.
Providing students with a progression of nontraditional number sentences 
focused on numerical relationships and patterns will develop relational thinking. 
As a starting point for young students reversing the order of the number sentence 
to begin with the answer such as 3 = 2 + 1 presses students to accept that the answer 
does not always need to be after the operation [49, 55]. Next, students develop their 
understanding of the term equal as they begin to recognize that both sides of the 
equation compute to the same quantity through exposure to nontraditional equa-
tions written with the operations on both sides of the equal sign [47]. Students who 
possess the conceptual knowledge of equivalence recognize transformations can 
occur by adding the same number to both sides of the equal sign without chang-
ing the structure of the equation. For example, when asked whether the equation 
18 + 3 = 16 + 5 is true or false, students who are taught to think about the relation-
ship between 18 and 16, notice that 18 is 2 more than 16, and reason that it must be 
true because 5 is 2 more than 3. Unfortunately, if students are not taught to look at 
equations relationally, then the transformations between 18 and 16 simply become 
proceduralized and learned as memorized rules [52]. This strategy shows a level 
of relational thinking in which students use number relations to make the problem 
more manageable. Thinking relationally, therefore, is different from applying a col-
lection of memorized mathematical rules and procedures [56]. Students who think 
relationally identify number relations and reason about which transformations 
make sense in a particular problem [42].
Providing students with true or false equations can be another way to press 
students to think about number relationships. Equations such as 14 + 18 = 13 + 17 
are more compatible with instructing students to see number relationships because 
a numerical answer is not required. Engaging students in a discussion of how the 
numbers relate to each other to determine whether the equation is true or false 
strengthens their conceptual understandings of equivalence (Carpenter [47]). 
Students with sufficient conceptual knowledge of how these number properties 
are applied have the understanding to transfer their procedural knowledge of 
mathematical equations to algebraic thinking [48]. Meaningful discussions about 
number relationships and the transferability of those ideas helps students make 
more mathematical generalizations [39].
4. Enactive, iconic, and symbolic representations
Bruner’s modes of representations begin with the enactive, which includes 
manipulatives, or concrete, physical objects. The second representation is iconic, 
which represents any visual representations like diagrams, number lines, bar 
models, and graphs. The third representation is symbolic, which are abstract 
symbols like equations and algorithms. According to Bruner [2], students access 
their background knowledge of the representations to help make connections when 
the abstract symbols are isolated from other contexts. Concrete materials provide 
an opportunity for students to build background knowledge with iconic images 
depicting the meaning of the abstract symbols. When new abstract symbols are 
introduced, students can use their visual background knowledge as a retrieval 
mechanism to help remind them of the relevant concepts.
Instructional tasks heavily focused on abstract symbols tend to draw out the 
use of rote, memorized skill practice, which has been shown to compete with 
the development of spatial reasoning skills [57]. One way to help students make 
connections between numbers and symbols is to incorporate concrete materials 
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for students to manipulate during their practice and application [58]. Including 
concrete manipulatives for mathematical tasks has been shown to improve student 
understanding and retention of the practiced concept [59]. The use of concrete 
materials in isolation does not always guarantee that students will flexibly transfer 
the concrete representation to the symbolic representations [60]. Solving problems 
strictly in symbolic form leads to inefficient solution strategies, entrenchment of 
operational procedures, and inconsistent errors [42, 54, 57]. As a whole, math-
ematics instruction that isolates the symbolic representations leads students to 
manipulate symbols without conceptual understanding and a weakened ability 
to solve problems outside of their procedural understandings [61]. Alternatively, 
instruction designed to include a progression of representations beginning with an 
enactive or physical model to then an iconic or visual representation to a symbolic 
form can support a deep understanding of the mathematics [2, 62, 63].
Many students have difficulty in understanding concepts without being able to 
first visualize an idea in their mind [3]. Visualization helps students use figures or 
shapes in their mind to recall, understand, make connections, clarify, and remember 
new information [64]. Mathematics curricula loaded with only symbolic representa-
tions require students to memorize procedures, denying the student an opportunity 
to utilize their visual thinking in the process of building conceptual understanding. 
However, including visual representations into daily mathematics lessons can sup-
port the learning process and increase conceptual understandings [65].
Strong visualization and spatial reasoning skills contribute greatly to students’ 
ability to organize the structure of equations and mathematics [66]. Mathematical 
models can be a way to connect one’s visualization to their understandings of the 
problem [67]. The model connects the visualization into the spatial layout of an 
equation so students can devise a solution to solve the problem [68]. As students 
visualize the problem, they flexibly decode the context into the spatial layout of an 
equation [69].
When given the opportunity, students can develop the necessary spatial skills to 
visualize mathematics. Gesturing assists students to communicate their thinking. 
Mental rotation and spatial visualization can strengthen students’ ability to solve 
nontraditional equations. Therefore, promoting spatial reasoning and modeling 
(EIS) early on in students’ learning can promote mathematical competency and 
algebraic thinking.
5. Developing mathematical thinking
Curriculum should include ways to promote spatial reasoning through math-
ematical modeling to develop students’ conceptual understandings [47, 70]. 
Mathematical tasks should include both traditional and nontraditional equations 
[44, 46]. The use of mathematical modeling should connect through a progression 
of enactive models, iconic models, and formal, symbolic models. Iconic models are 
one way to introduce spatial reasoning tasks and can be integrated throughout the 
instructional year to increase students’ flexibility with the structure of equations 
and mathematical competency [8, 34].
The Developing Mathematical Thinking Institute (DMTI) offers a compre-
hensive curriculum designed to encompass all of these components for students 
to develop procedural and conceptual understandings. The DMTI curriculum is 
an alternative to the typical curriculum for teaching mathematics to help teachers 
develop a different approach to how mathematics is taught [71].
The DMT framework consists of five key elements for teachers to reflect upon 
as they plan, prepare, and instruct mathematics lessons: taking student’s ideas 
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seriously, encouraging multiple solution strategies and models, pressing students 
conceptually, addressing misconceptions, and maintaining a focus on the structure 
of the mathematics [72, 73]. Using students’ informal strategies values their think-
ing and gives the teacher insight as to the level of understanding each student has. 
Teachers use the five elements of the DMT to develop more efficient strategies and 
multiple models for solutions to mathematical problems. Students are encouraged 
to talk with others about their thinking, compare solutions, and make corrections 
to their errors. One of the most critical components of the framework is to draw 
attention to the structural components in mathematics.
One of the ways the DMTI curriculum builds student thinking is through the 
inclusion of Bruner’s [2] enactive, iconic, and symbolic models. Each module is 
comprised of lessons with tasks centered on the EIS framework to develop a strong 
foundation for the development of conceptual understanding and for solving 
problems [72]. For example, students in first grade are given a contextual problem 
about 10 children playing in sandbox, where they need to determine whether six of 
the children are boys, and then how many children are girls? Students first demon-
strate their thinking using unifix cubes, followed by drawing an iconic bar model to 
match their unifix cubes model. The symbolic representation of the numbers is then 
attached with labels. For example, to highlight the variety of ways to represent the 
number 10, students are asked to demonstrate the other possible representations for 
making 10 following the EIS progression. Modeling all of the possible combinations 
for 10 emphasizes the idea of equivalence, and using the EIS progression helps all 
students to visualize how the numbers relate to one another. Figure 1 provides a 
sample solution for the students to use as a model.
As students become fluent with facts within 10, they are introduced to the vari-
ety of ways to compose the teen numbers using units of tens and ones. For example, 
one task is to represent each teen number using units of one. Eventually, students 
begin to recognize the inefficiency of counting each unit of one. At that point, the 
teacher introduces a more efficient way of building the teen numbers by using a unit 
of 10. Over time, students independently build efficient models for larger numbers 
based on their previous experiences building with units of one. Once again, tasks 
such as these expose students to relational thinking and highlight the structure of 
equivalence through the use of mathematical modeling.
The DMTI curriculum encourages students to represent solutions to contextual 
problems, explain their solutions, and then generalize their understandings to other 
concepts (see Figure 2). An example of this is with contextual compare problems 
presented in Module 3 where students represent the number of blocks used to build 
two different towers. The task states that one tower is eight blocks tall, and another 
Figure 1. 
Sample solution for making 10 in Module 3 of the DMTI curriculum.
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tower is six blocks tall. Students are asked to represent both towers using unifix 
cubes and determine whose tower is tallest and by how much. Next, students draw 
an iconic representation of the towers, paying attention to the spatial relationship 
between the number seven and four. The drawing should depict that one tower is 
taller than the other, and the enactive model is used to determine the difference 
between the numbers seven and four. Last, students connect their understandings 
of the relationship between the two towers back to the symbolic representation by 
notating 8–6 = 2. As students fluently build models to represent the context, they 
are then asked to look at a given set of numbers, build the models with unifix cubes 
to match, draw an iconic representation of the models, and create their own story 
to match their model. Students work in partners to listen to the story, but then also 
explain the relationships between the two towers. With this activity, students often 
times gesture with their hands to explain how many more blocks are in one tower 
than the other tower.
As suggested by NCTM [21], the DMTI curriculum intentionally focuses on 
building students’ conceptual understandings of mathematical concepts through 
spatial reasoning tasks. Each task presents students with meaningful problem-
solving situations where they are encouraged to begin to represent their thinking 
through enactive mathematical modeling, followed by an iconic representation 
depicting their thinking, and lastly with a connection to the symbolic representa-
tion of the problem. Students are encouraged to communicate their thinking with 
partners to check for understanding or assessing any misconceptions that may arise. 
The structural components are intentionally highlighted within each lesson to foster 
deep conceptual understanding and help students generalize their knowledge to 
other tasks throughout the year. Overall, the DMT framework delivers a compre-
hensive curriculum designed to increase students’ mathematical understanding and 
improve spatial reasoning.
6. Summary
Most elementary students begin to develop their awareness of the equal sign’s 
functionality at an operational level, where the equal sign acts as a symbol to 
perform a calculation or action [42]. When the bulk of instruction is focused on 
procedures and computing facts, many elementary students develop a shallow 
understanding of the equal sign and consider it an operational symbol [45, 46]. 
Mathematics instruction for early elementary classrooms should foster relational 
Figure 2. 
Example of student work mat from Module 3 of the DMTI curriculum.
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thinking by including tasks designed to draw attention to how numbers relate to 
one another and develop the flexibility to think of numbers in a variety of ways to 
establish the idea of equivalence [8, 48]. Mathematical tasks should include both 
traditional and nontraditional equations [44, 46].
As educators become more aware of the need for relational thinking tasks, 
it is important to recognize the critical role spatial reasoning and mathematical 
modeling play in the overall development of algebraic thinking and the equal sign. 
The National Research Council report [1] and the National Council of Teachers of 
Mathematics [21] suggest more spatial reasoning be integrated into the elementary 
mathematics curriculum to promote relational thinking skills. Spatial visualization, 
gesturing, and mental rotation have been shown to increase student performance in 
mathematics [8].
Mathematical modeling gives students a visual representation to explain their 
mathematical thinking [74]. The use of mathematical modeling should connect 
through a progression of concrete representations, visual or iconic representations 
to more formal, and abstract representations [62]. We will examine whether cur-
riculum that supports students’ conceptual understandings through the integration 
of relational thinking, spatial reasoning, and mathematical models by incorporating 
Bruner’s EIS framework improves students’ spatial reasoning and relational thinking.
7. Overview of the study
This study was conducted to investigate whether there was a significant difference 
in first grade students’ performance in spatial reasoning when they learn to construct 
and compare numbers using iconic modeling. The study examined spatial reasoning 
for first grade students whose teachers either received a curriculum built on the use of 
enactive, iconic, and symbolic representations (EIS group) and an adopted tradi-
tional curriculum (traditional group). Students in both groups were tested using the 
Primary Mathematics Assessment Screener [75] in September, prior to the math-
ematics instruction, and again mid-May after the mathematics instruction. Student 
performance was compared across time. Thus, this study used a 2 (EIS group versus 
comparison group) × 2 (pretest versus posttest) design. The dependent variable was 
the students’ knowledge of spatial reasoning measured with the PMA-S. The goal 
of this study was to determine whether student achievement on the PMA-S differed 
between the EIS and traditional groups and whether achievement differed across 
time. The following research question was investigated: What is the effect of integrat-
ing iconic representations through student drawings in conjunction with the enactive, 
iconic, and symbolic teaching methodology into mathematics instruction on first 
grade students’ spatial reasoning and relational thinking performance?
The study consisted of first grade classrooms from five school districts. Two of the 
school districts serve between 15,650 and 26,240 students, and three of the districts 
serve between 600 and 1725 students. There were over 2600 students with Limited 
English Proficiency (LEP) comprising approximately 8% of the total districts. In 
these districts, the student demographics were 79.3% white, 10.3% Hispanic/Latino, 
5.9% Asian, 3.3% black, 0.9% Native American, and 0.8% Pacific Islander. First, 
grade classrooms were chosen on the basis of similarly matched demographics related 
to students who received free and reduced lunch assistance. There were 10 teachers 
in the EIS treatment group and 12 teachers in the traditional comparison group. The 
treatment group used the DMTI curriculum [76], and the comparison group used 
Bridges in Mathematics [77], and Math in Focus, Singapore Math [78].
The Primary Mathematics Assessment [75] is a formative assessment that 
includes a screener and six diagnostic measures. The PMA-Screener (PMA-S) builds 
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a profile of students’ strengths and weaknesses for six dimensions: number sense 
and sequencing, number facts, contextual problems, relational thinking, measure-
ment, and spatial reasoning.
One of the diagnostics includes a series of questions for shape composition. 
There are three subsections which include—shape composition without the need to 
rotate, composing a figure requiring overlapping of pieces during translations, and 
composing a figure by filling in a missing space.
A two-way design was used to explore the main effects on the different treat-
ments, EIS instruction and Traditional instruction and their interactions under 
different conditions, pretest and posttest. The research question was analyzed using 
a 2 × 2 analysis of variance (ANOVA) to explore whether scores on the pre and 
posttest was dependent upon the type of instruction. Repeated measure analysis 
of variance (ANOVA) allows a look at change over time using the PMA-S given two 
times over 9 months of instruction with different conditions (EIS and traditional 
instruction). Main effects and interactions were analyzed on the independent 
variables (EIS and traditional instruction and time) from the dependent variable 
PMA-S scores.
8. Findings
A two-way repeated measure ANOVA was conducted to determine whether 
there was a significant difference in growth between the EIS group and the tradi-
tional group for relational thinking and spatial reasoning. The PMA-S screened four 
other subset dimensions, facts, context, sequence, and measurement, which were 
not included in the design of the study.
For the relational thinking subtest, there was a main effect for TIME with a 
statistically significant difference for both groups (EIS and traditional)—scores 
increase from pretest to posttest, F(1, 449) = 105.2, MSe = 0.9, p < 0.001. There is 
also a main effect for groups with a statistically significant difference between EIS 
and traditional, F(1, 449) = 5.6, MSe = 1.2, p = 0.019.
There was a statistically significant interaction between both groups and time on 
relational thinking, F(1, 449) = 13.2, MSe = 0.9, p < 0.001, η2 = 0.03. This indicates 
that the difference between the change in students’ knowledge of relational think-
ing in the EIS and traditional groups was dependent upon the type of mathematical 
instruction. Based on the profile plots of estimated marginal means of relational 
thinking in Figure 3, EIS (group 1) and traditional (group 2), EIS and traditional 
groups’ trajectories indicate different patterns of mean scores over time. The 
p-value for the two-way interaction effect is <0.001, indicating mean relational 
thinking changed differently over time depending on whether students were in EIS 
or traditional.
To better understand the interaction, tests of simple effects were conducted. 
These results showed for the EIS group, scores on the relational thinking scale 
increased significantly from pretest to posttest, t(242) = 10.2, p < 0.001. For the 
traditional group, scores on the relational thinking scale also increased significantly 
from pretest to posttest, t(242) = 4.6, p < 0.001. Thus, for both groups, scores 
increased from pretest to posttest. The EIS and traditional groups were also com-
pared separately on the pretest and then on the posttest. These results showed that 
for the pretest, the groups differed significantly, t(449) = 4.5, p < 0.001. For the 
posttest, the groups were not significantly different, t(449) = 0.53, p = 0.6. For the 
pretest, scores were greater for the traditional group than for the EIS group.
Taken all together, the results of these analyses show that scores on the rela-
tional thinking subtest scores did not differ across groups. However, significant 
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interaction suggests that the change from pretest to posttest was not the same for 
the two groups. As seen in Table 1, the change was greater for the EIS group than 
for the traditional group. The EIS group began the study with significantly lower 
scores on the relational thinking subtests. The EIS group shows statistically higher 
gains than the traditional, thus confirming EIS has an effect.
For the spatial reasoning diagnostic, there was a main effect for TIME with a 
statistically significant difference for both groups (EIS and traditional)—scores 
increased from pretest to posttest, F(1, 449) = 85.2, MSe = 0.6, p < 0.001. There was 
also a main effect for groups with a statistically significant difference between EIS 
and traditional, F(1, 449) = 3.9, MSe = 0.9, p = 0.05.
There was a marginal significant interaction between both groups and time on 
spatial reasoning, F(1, 449) = 3.3, MSe = 0.6, p < 0.071, η2 = 0.01. This indicates 
that the difference between the change in students’ knowledge of spatial reasoning 
in the EIS and traditional groups was dependent upon the type of mathematical 
instruction. Based on the profile plots of estimated marginal means of spatial rea-
soning (Figure 4), EIS and traditional groups’ trajectories indicate slightly different 
patterns of mean scores over time.
To better understand the interaction, tests of simple effects were conducted. 
These results showed for the EIS group, scores on the spatial reasoning scale 
increased significantly from pretest to posttest, t(207) = 7.4, p < 0.001. For 
Figure 3. 
Estimated marginal means of relational thinking.
Relational thinking
Pretest Posttest
Group Mean SD Mean SD
EIS 0.74 0.77 1.61 1.2
Traditional 1.14 1.1 1.55 1.1
Table 1. 
Relational thinking descriptive statistics.
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the traditional group, scores on the spatial reasoning scale also increased signifi-
cantly from pretest to posttest, t(242) = 5.5, p < 0.001. Thus, for both groups, 
scores increased from pretest to posttest. The EIS and traditional groups were also 
compared separately on the pretest and then on the posttest. These results showed 
that for the pretest, the groups differed significantly, t(449) = 2.8, p < 0.01. For 
the posttest, the groups were not significantly different, t(449) = 0.36, p = 0.72. For 
the pretest, scores were greater for the traditional than for the EIS group, and on the 
posttest, scores were the same across both groups.
Taken together, the results of these analyses show that scores on the spatial 
reasoning subtest were equal on the posttest across both groups. However, the 
marginally significant interaction suggests that the change from pretest to post-
test was not the same for the two groups. As seen in Table 2, the change was 
greater for the EIS group than for the traditional group. The EIS group began the 
study with significantly lower scores on the spatial reasoning subtests. The EIS 
group shows statistically higher gains than the traditional, thus confirming EIS 
has an effect.
In summary, the instructional method (EIS vs. traditional) did have a significant 
effect on first grade students’ spatial reasoning. The study demonstrated statistical 
significance between the treatment groups who implemented the EIS instruction 
and comparison group who used traditional mathematics instruction. The next 
Spatial reasoning
Pretest Posttest
Group Mean SD Mean SD
EIS 1.24 0.803 1.82 0.871
Traditional 1.46 0.905 1.85 0.912
Table 2. 
Spatial reasoning descriptive statistics.
Figure 4. 
Estimated marginal means of spatial reasoning.
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section will provide details of the interpretation of findings, practical implications 
for educators, and recommendations for further study.
9. Interpretation of findings
The primary focus of the study was to look at the effects on students’ conceptual 
understandings of relational thinking and spatial reasoning when integrating the 
EIS representations into first grade mathematics lessons. As Cheng and Mix [8] 
revealed through their research, the need to integrate spatial reasoning tasks is 
critical for the development of students’ conceptual knowledge. Similar claims can 
be made based on the results of this study.
The EIS group performed statistically higher in relational thinking than the 
traditional group, doubling mean scores from pretest (0.74) to posttest (1.27). 
Previous work has shown students who are instructed to solve equations strictly 
in symbolic form struggle with algebraic thinking [79]. Integrating EIS repre-
sentation into first grade mathematics lessons with a balanced set of equations 
has shown to be effective at developing students’ relational thinking and spatial 
reasoning.
As Cheng and Mix [8] revealed through their research, the need to integrate 
spatial reasoning tasks is critical for the development of students’ conceptual 
knowledge. Similar claims can be made based on the results from this study. We 
conclude that the integration of spatial reasoning had positive effects on first grade 
students’ spatial reasoning skills, relational thinking, the development of concep-
tual understanding, and mathematical competency.
The findings support the notion that the integration of EIS representation 
into mathematics lessons offers students sufficient conceptual knowledge to 
develop number operations and mathematical competency [48]. Gain scores in 
facts and context are found to be consistent with earlier works from Carbonneau 
and colleagues [61], who suggests mathematics instruction should refrain from 
isolated skill and procedural practice in lieu of the development of conceptual 
understanding. Curriculum designed to include a progression of enactive, iconic, 
and symbolic models supports students’ conceptual understanding [2, 62, 63]. 
Students in the EIS group were instructed to enactively build and iconically 
represent their math facts simultaneously. In doing so, they increased their 
conceptual understanding of the mathematics. K-12 reform has included an 
integration of meaningful lessons designed to enhance algebraic thinking across 
all mathematical domains, and altering the curriculum to include spatial reason-
ing tasks has shown to improve mathematical performance [54]. Our investiga-
tion has demonstrated a positive effect on students’ spatial reasoning, relational 
thinking, and overall mathematical competency when first grade mathematics 
lessons integrate EIS representations.
Early Childhood Education
14
© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
Author details
Kelli Rich1 and Jonathan L. Brendefur2*
1 Nampa School District, Nampa, ID, USA
2 Boise State University, Boise, ID, USA
*Address all correspondence to: jbrendef@boisestate.edu
15
The Importance of Spatial Reasoning in Early Childhood Mathematics
DOI: http://dx.doi.org/10.5772/intechopen.81564
References
[1] NRC. Learning to Think Spatially: 
GIS as a Support System in the K-12 
Curriculum. Washington, DC: National 
Academy of Sciences; 2006
[2] Bruner JS. Toward a Theory of 
Instruction. Cambridge, Massachusetts: 
Belkapp Press; 1966
[3] Arwood E, Kaulitz C. Learning 
with a Visual Brain in an Auditory 
World: Visual Language Strategies for 
Individuals with Autism Spectrum 
Disorders. Shawnee Mission, KS: 
Autism Asperger Publishing, Co; 2007
[4] Gravemeijer K, Doorman M. Context 
problems in realistic mathematics 
education: A calculus course as an 
example. Educational Studies in 
Mathematics. 1999;39:111-129
[5] Battista M. The interaction 
between two instructional 
treatments of algebraic structures 
and spatial-visualization ability. The 
Journal of Educational Research. 
1981;74(5):337-341
[6] Clements D, Sarama J. Effects of a 
preschool mathematics curriculum: 
Summative research on the 
building blocks project. Journal for 
Research in Mathematics Education. 
2007;38:136-163
[7] Gustafsson J-E, Undheim 
JO. Individual differences in cognitive 
functions. In: Berliner DC, Calfee RC, 
editors. Handbook of Educational 
Psychology. London, England: Prentice 
Hall International; 1996. pp. 186-242
[8] Cheng Y-L, Mix KS. Spatial training 
improves children’s mathematical 
ability. Journal of Cognition and 
Development. 2014;15(1):2-11
[9] Geary DC et al. Cognitive 
mechanisms underlying achievement 
deficits in children with mathematical 
learning disability. Child Development. 
2007;78(4):1343-1359
[10] Lowrie T, Logan T, Ramful 
A. Visuospatial training improves 
elementary students’ mathematics 
performance. British Journal 
of Educational Psychology. 
2017;87(2):170-186
[11] Lee JW. Effect of GIS learning on 
spatial ability [Dissertation]. Texas 
A&M University; 2005
[12] Battista MT. Spatial visualization 
and gender differences in high school 
geometry. Journal for Research in 
Mathematics Education. 1990;21:47-60
[13] Casey MB, Nuttall RL, Pezaris 
E. Mediators of gender differences 
in mathematics college entrance 
test scores: A comparison of spatial 
skills with internalized beliefs and 
anxieties. Developmental Psychology. 
1997;33(4):669
[14] Reuhkala M. Mathematical skills 
in ninth-graders: Relationship with 
visuo-spatial abilities and working 
memory. Educational Psychology. 
2001;21(4):387-399
[15] Rohde TE, Thompson 
LA. Predicting academic achievement 
with cognitive ability. Intelligence. 
2007;35(1):83-92
[16] Uttal DH, Meadow NG, Tipton E,  
Hand LL, Alden AR, Warren C, 
Newcombe NS. The malleability 
of spatial skills: A meta-analysis of 
training studies. Psychological Bulletin. 
2013;139(2):352-402
[17] Newcombe NS, Frick A. Early 
education for spatial intelligence: 
Why, what, and how. Mind, Brain, and 
Education. 2010;4(3):102-111
[18] Clements DH, Sarama J. Learning 
trajectories in mathematics education. 
Early Childhood Education
16
Mathematical Thinking and Learning. 
2004;6(2):81-89
[19] Clements DH, Battista 
MT. Geometry and spatial reasoning. In: 
Handbook of Research on Mathematics 
Teaching and Learning. 1992. 
pp. 420-464
[20] Pittalis M, Christou C. Types of 
reasoning in 3D geometry thinking 
and their relation with spatial ability. 
Educational Studies in Mathematics. 
2010;75(2):191-212
[21] NCTM. Pinciples to Actions: 
Ensuring Mathematical Success for 
All. Reston, VA: National Council of 
Teachers of Mathematics; 2014. p. 139
[22] Cheng Y-L, Mix KS. Spatial training 
improves children’s mathematics ability. 
Journal of Cognition and Devleopment. 
2012;15(1):2-11
[23] Mix KS, Cheng Y-L. The 
relation between space and math: 
Developmental and educational 
implications. In: Advances in Child 
Development and Behavior. Elsevier; 
2012;42:197-243
[24] Verdine BN et al. Deconstructing 
building blocks: Preschoolers’ spatial 
assembly performance relates to 
early mathematical skills. Child 
Development. 2013
[25] Verdine BN et al. Finding the 
missing piece: Blocks, puzzles, and 
shapes fuel school readiness. Trends in 
Neuroscience and Education. 2014
[26] Dehaene S, Bossini S, Giraux P.  
Mental representation of parity 
and number mangnitude. Journal 
of Experimental Psychology. 
1993;122(3):371-396
[27] Booth JL, Siegler RS. Numerical 
magnitude representations 
influence arithmetic learning. Child 
Development. 2008;79(4):1016-1031
[28] Kucian K et al. Mental number line 
training in children with developmental 
dyscalculia. NeuroImage. 
2011;57(3):782-795
[29] Schneider M, Grabner RH, 
Paetsch J. Mental number line, number 
line estimation, and mathematical 
achievement: Their interrelations in 
grades 5 and 6. Journal of Educational 
Psychology. 2009;101(2):359
[30] Ramani GB, Siegler RS. Promoting 
broad and stable improvements in 
low-income children’s numerical 
knowledge through playing number 
board games. Child Development. 
2008;79(2):375-394
[31] Gunderson E, Ramirez G, Beilock S, 
Levine S. The relation between spatial 
skill and early number knowledge: 
The role of the linear number 
line. Developmental Psychology. 
2012;48(5):12-29
[32] Ehrlich S, Levine SC, Goldin-
Meadow S. The importance of 
gesture in children’s spatial reasoning. 
Developmental Psychology. 2006;42(6)
[33] Alibali MW, Nathan MJ.  
Embodiment in mathematics teaching 
and learning: Evidence from learners’ 
and teachers’ gestures. Journal of the 
Learning Sciences. 2012;21(2):247-286
[34] Education OMo. Paying Attention 
to Spatial Reasoning, K-12: Support 
Document for Paying Attention to 
Mathematics Education. Queen’s Printer 
for Ontario; 2014
[35] Stephens M, Armanto D. How to 
Build Powerful Learning Trajectories for 
Relational Thinking in Primary School 
Years. Mathematics Education Research 
Group of Australia; 2010
[36] Casey B et al. A longitudinal 
analysis of early spatial skills compared 
to arithmetic and verbal skills as 
predictors of fifth-grade girls’ math 
17
The Importance of Spatial Reasoning in Early Childhood Mathematics
DOI: http://dx.doi.org/10.5772/intechopen.81564
reasoning. Learning and Individual 
Differences. 2015;40:90-100
[37] Oropeza C, Cortez R. Mathematical 
modeling: A structured process. 
The Mathematical Teacher. 
2015;108(6):446-452
[38] Suh J, Moyer-Packenham 
P. Developing students’ representational 
fluency using virtual and physical 
algebra balances. Journal of Computers 
in Mathematics and Science Teaching. 
2007;26(2):155-173
[39] Bastable V, Schifter D, Classroom 
stories: Examples of elementary 
students engaged in early algebra. In: 
Algebra in the Early Grades. Routledge: 
2008. pp. 165-184
[40] Blanton ML, Kaput JJ. 
Characterizing a classroom practice that 
promotes algebraic reasoning. Journal 
for Research in Mathematics Education. 
2005;36(5):412-446
[41] Carpenter TP, Levi L. Developing 
Conceptions of Algebraic Reasoning 
in the Primary Grades. In: National 
Center for Improving Student Learning 
and Achievement in Mathematics and 
Science, editor. Madison: University of 
Wisconsin; 2000
[42] Carraher DW et al. Arithmetic 
and algebra in early mathematics 
education. Journal for Research 
in Mathematics Education. 
2006;37(2):87-115
[43] Ellis AB. Algebra in the middle 
school: Developing functional 
relationships through quantitative 
reasoning. In: Cai J, Knuth E, editors. 
Early Algebraization. Berlin/Heidelberg: 
Springer; 2011. pp. 215-238
[44] Molina M, Castro E, Ambrose 
R. Enriching arithmetic learning by 
promoting relational thinking. The 
International Journal of Learning. 
2005;12(5):265-270
[45] Baroody J, Ginsburg HP. The 
effects of instruction on children’s 
understanding of the “equals” sign. 
The Elementary School Journal. 
1983;84(2):198-212
[46] Rittle-Johnson B et al. Assessing 
knowledge of mathematical 
equivalence: A construct-modeling 
approach. Journal of Educational 
Psychology. 2011;103(1):85
[47] Carpenter TP, Franke ML, Levi 
L. Thinking Mathematically: Integrating 
Arithmetic and Algebra in Elementary 
School. Portsmouth, NH: Heinemann; 
2003
[48] Stephens A et al. Just say yes to 
early algebra! Teaching Children 
Mathematics. 2015;22(2):92-101
[49] Matthews P et al. Measure for 
measure: What combining diverse 
measures reveals about children’s 
understanding of the equal sign as an 
indicator of mathematical equality. 
Journal for Research in Mathematics 
Education. 2012;43(3):316-350
[50] Hunter J. Relational or calculational 
thinking: Students solving open number 
equivalence problems. In: Watson 
J, Beswick K, editors. Mathematics: 
Essential Research, Essential Practice. 
2007. pp. 421-429
[51] McNeil et al. Middle school 
students’ understanding of the 
equal sign: The books they read can’t 
help. Cognition and Instruction. 
2006;24(3):367-385
[52] Jacobs VR et al. Professional 
development focused on children’s 
algebraic reasoning in elementary 
school. Journal for Research 
in Mathematics Education. 
2007;38(3):258-288
[53] Byrd CE et al. A specific 
misconception of the equal sign acts 
as a barrier to children’s learning of 
early algebra. Learning and Individual 
Differences. 2015;38:61-67
Early Childhood Education
18
[54] McNeil NM, Alibali MW. knowledge 
change as a function of mathematics 
experience: All contexts are not created 
equal. Journal of Cognition and 
Development. 2005;6(2):285-306
[55] Warren E, Cooper T. Young 
children’s ability to use the balance 
strategy to solve for unknowns. 
Mathematics Education Research 
Journal. 2005;17(1):58-72
[56] Hattikudur S, Alibali M. Learning 
about the equal sign: Does comparing 
with inequality symbols help? Journal 
of Experimental Child Psychology. 
2010;107:15-30
[57] Koedinger KR, Nathan MJ. The real 
story behind story problems: Effects 
of representations on quantitative 
reasoning. The Journal of the Learning 
Sciences. 2004;13(2):129-164
[58] Brown MC, McNeil NM, Glenberg 
AM. Using concreteness in education: 
Real problems, potential solutions. 
Child Development Perspectives. 
2009;3(3):160-164
[59] Martin T, Schwartz DL. Physically 
distributed learning: Adapting and 
reinterpreting physical environments 
in the development of fraction 
concepts. Cognitive Science. 
2005;29(4):587-625
[60] McNeil N, Jarvin L. When 
theories don’t add up: disentangling 
he manipulatives debate. Theory Into 
Practice. 2007;46(4):309-316
[61] Carbonneau KJ, Marley SC, Selig 
JP. A meta-analysis of the efficacy of 
teaching mathematics with concrete 
manipulatives. Journal of Educational 
Psychology. 2013;105(2):380
[62] Fyfe E et al. Concreteness fading in 
mathematics and science instruction: 
A systematic review. Educational 
Psychology Reveiw. 2014;26:9-25
[63] Gravemeijer K. Preamble: From 
models to modeling. In: Symbolizing, 
Modeling and Tool Use in Mathematics 
Education. Springer; 2002. pp. 7-22
[64] Arwood E, Kaulitz C, Brown 
M. Visual Thinking Strategies for 
Individuals With Autism Spectrum 
Disorders: The Language of Pictures. 
Shawnee Mission, KS: Autism Asperger 
Publishing, Co; 2009
[65] Arwood E. Semantic and 
Pragmatic Language Disorders. 2nd ed. 
Gaithersburg, MD: Aspen Publication; 
1991
[66] McNeil N, Alibali MW. You’ll 
see what you mean: Students encode 
equations based on their knowledge 
of arithmetic. Cognitive Science. 
2004;28:451-466
[67] Anderson-Pence KL et al. 
Relationships between visual static 
models and students’ written solutions 
to fraction tasks. International Journal 
for Mathematics Teaching and Learning. 
2014
[68] Van den Heuvel-Panhuizen M, 
Drijvers P. Realistic mathematics 
education. In: Encyclopedia of 
Mathematics Education. Springer; 2014. 
pp. 521-525
[69] Hegarty M, Mayer R, Monk 
C. Comprehension of arithmetic word 
problems: A comparison of successful 
and unsuccessful problem solvers. 
Journal of Educational Psychology. 
1995;87(1):18-32
[70] Knuth EJ et al. Does understanding 
the equal sign matter? Evidence 
from solving equations. Journal for 
Research in Mathematics Education. 
2006;37(4):297-312
[71] Brendefur J, Strother S. DMTI 
Grade 1. Boise Idaho: Developing 
Mathematical Thinking Institute; 2016
19
The Importance of Spatial Reasoning in Early Childhood Mathematics
DOI: http://dx.doi.org/10.5772/intechopen.81564
[72] Brendefur JL et al. Framing 
professional development that promotes 
mathematical thinking. In: Ostler E, 
editor. STEM Education: An Overview 
of Contemporary Research, Trends, and 
Perspectives. Elkhorn Nebraska: Cycloid 
Publications; 2015. pp. 217-236
[73] Brendefur J. Connecting elementary 
teachers’ mathematical knowledge 
to their instructional practices. The 
Researcher. 2008;21:2
[74] Erbas AK et al. Mathematical 
modeling in mathematics education: 
Basic concepts and approaches. 
Educational Sciences: Theory & 
Practice. 2014;14(5):1621-1627
[75] Brendefur JL, Strother S. Primary 
Mathematics Assessment. 2016. 
Available from: www.pma.dmtinstitute.
com
[76] Brendefur JL, Strother S. 
Developing Mathematical Thinking 
Curricular Modules. Boise: Developing 
Mathematical Thinking Institute; 2016
[77] Frykholm J. Bridges in Mathematics 
Grade 1 Teacher’s Guide. Salem, Oregon: 
Math Learning Center; 2016
[78] Cavendish M. Math in Focus: 
Singapore Math: Marshal Cavendish 
Education. Publishing; 2012
[79] Falkner KP, Levi L, Carpenter 
TP. Children’s understanding of 
equality: A foundation for algebra. 
Teaching Children Mathematics. 
1999;6(4):232-236
